To improve the pharmacological profile of tumor necrosis factor alpha (TNF-α), we have synthesized a new PEGylated prodrug, PEG-vcTNF-α, using a cathepsin B-sensitive dipeptide (valine-citrulline, vc) to link branched PEG and TNF-α. PEG-modified TNF-α without the dipeptide linker (PEG-TNF-α) and unconjugated TNF-α were also tested as controls. It was found for the first time that TNF-α released from PEG-vcTNF-α was specifically dependent on the presence of cathepsin B. PEG-vcTNF-α induced higher cytotoxicity and greater apoptosis against L929 murine fibrosarcoma cells than PEG-TNF-α. Reversal of these effects by a cathepsin-B inhibitor confirmed that these effects were mediated by cathepsin B-specific release of TNF-α. In vivo pharmacokinetics studies demonstrated that the plasma stability of PEG-vcTNF-α was significantly increased compared to TNF-α. Finally, the improved anticancer efficacy of PEG-vcTNF-α and the distinct activities among the three formulations confirmed the positive contribution of both PEGylation and the dipeptide linkage to the improved drug-like properties of PEG-vcTNF-α. The results here indicate that linking proteins and PEG via the cathepsin B-sensitive dipeptide may be a promising strategy for developing protein therapeutics. 
Tumor necrosis factor-α (TNF-α), a cytokine secreted by activated macrophages, was first described as a factor present in infected, endotoxin-injected mice that caused hemorrhagic necrosis of transplanted Math-A fibrosarcoma [1] . TNF-α has a direct anti-tumor effect, and stimulates host anti-tumor immune responses via specific interactions with tumor vascular endothelial cells [2] . TNF-α can bind to TNF-α receptors (the 55 kD TNF-α R1 and the 75 kD TNF-α R2), which are located on the plasma membrane of most cells throughout the body except red blood cells. Acting via these receptors, TNF-α induces two main forms of "extrinsic" (or death receptor-mediated) programmed cell death (PCD): (i) classical apoptosis, characterized by caspase-dependent chromatin condensation and fragmentation, membrane blebbing and generation of apoptotic bodies; and (ii) necrosis-like caspase-independent PCD, characterized by absent or marginal chromatin condensation, lack of nuclear fragmentation and disruption of membrane integrity [3] . Thus TNF-α has been considered as a promising new therapeutic agent [4, 5] . However, it is cleared rapidly from the circulation and widely distributed to various tissues after intravenous administration, resulting in limited bioavailability. Although systemic administration of TNF-α causes the regression of various transplanted solid tumors [6] , the high doses required for significant clinical anti-tumor effects often also elicit unexpected side-effects, such as tissue inflammation and injury, as well as the lethal endotoxic shock-like syndrome [7, 8] . Similar in vivo drawbacks to those seen with TNF-α are also found in clinical applications of other bioactive proteins [9] . Thus, the development of a drug delivery system (DDS) seems necessary for the promotion of protein therapies, following recent marked advances in biotechnology-based pharmaceuticals.
In recent years, PEGylation has been identified as one of the most promising strategies for optimizing protein therapeutics [10] . The attachment of polyethylene glycol (PEG) to bioactive proteins (PEGylation) increases their molecular size and steric hindrance, leading to increased plasma half-life and in vivo stability. However, protein PEGylation is mostly non-specific and occurs at all the lysine residues of the protein, some of which may be in or near an active site. Furthermore, most PEG conjugates may not be cleavable in vivo. As a result, protein PEGylation is usually accompanied by a significant loss of bioactivity because of the loss of a binding site and/or steric hindrance. For instance, BPEG 40k -IFN-α2a, a mixture of various positional isomers of interferon-α2a randomly conjugated with 40 kD branched PEG, lost approximately 90% of its bioactivity compared to unmodified IFN-α2a [11, 12] . Thus, the clinical application of PEGylated proteins has been limited.
To overcome the problem of PEGylation, some investigators have attempted replacing all lysine residues in the protein with other amino acid residues. This lysine-deficient protein was then site-specifically mono-PEGylated at its N-terminus. For instance, site-specific PEGylation of TNF-α [13, 14] and human basic fibroblast growth factor [15] has been reported. Nevertheless, the slow rate of free drug release from the conjugate strongly influenced the in vivo antitumor activity of these PEGylated proteins. However, it is logical to hypothesize that i.v. administration of a TNF-α contained system in which the PEG and TNF-α are linked by an oligopeptide that is the substrate of a tumor tissue-specific protease may lead to high anticancer activity, even at low doses, because of the combined effect of extended circulation time and tumor site-specific drug release.
Cathepsin B is a ubiquitous cysteine protease whose properties differ very little between species [16, 17] . It is never found in extracellular areas, except in pathological conditions such as tumors or in areas of tissue destruction in rheumatoid arthritis [18] . Therefore, the cathepsin B-sensitive peptide is likely to be stable in circulation. The physiological substrates of cathepsin B and L include valine-citrulline and phenylalanine-arginine [19] . Previous reports have demonstrated the success of conjugating a cytotoxic agent to a tumor-selective monoclonal antibody (mAb) using a protease-sensitive dipeptide linker. These antibody-drug conjugates include cBR96-valine-citrulline-MMAE and BR96-valine-citrulline-DOX (specific to Lewis Y antigen on carcinomas), cAC10-valine-citrulline-MMAE (specific to CD30 on hematological malignancies), and huPr1-valine-citrulline-MMAE (specific to hormone-resistant prostate cancer), and have high stability in plasma and efficient release of drug in tumor tissues [20] [21] [22] [23] [24] [25] .
In the present study, we have designed a novel PEGylated protein using a cathepsin B-cleavable dipeptide linker, valine-citrulline, to link the PEG and TNF-α, to overcome the short half-life and poor tissue selectivity of unconjugated TNF-α and the low therapeutic efficacy of standard PEGylated TNF-α (PEG-TNF-α). This validation study of this novel antitumor prodrug, PEG-valine-citrulline-TNF-α (PEG-vcTNF-α), includes assessment of the specific bioactivities, stability, sensitivity to cathepsin B, in vitro cytotoxicity and apoptosis, pharmacokinetics, and antitumor activity, compared with the standard PEGylated TNF-α or unconjugated TNF-α, in the hope that we can prove the hypothesis mentioned above.
Materials and methods

Materials
Recombinant human tumor necrosis factor-α (rhTNF-α, 17000 kD, 1×10 7 IU mg [26] .
Preparation and characterization of TNF-α conjugates
The in vitro specific bioactivity of PEG-TNF-α or PEGvcTNF-α conjugates was measured by L-M cytotoxicity assay, according to the method described by Yamazaki et al. [27] .
Stability of TNF-α conjugates in plasma
To evaluate stability of PEG-TNF-α and PEG-vcTNF-α in plasma, amounts of PEG-TNF-α or PEG-vcTNF-α conjugates were labeled with FITC yielding PEG-TNF-α-FITC or PEG-vcTNF-α-FITC conjugates [28] . Conjugates containing 17 μg of protein in each sample were incubated in 1 mL of freshly drawn mouse or human plasma pre-incubated at 37°C. Aliquots of 100 μL were sampled periodically. All samples were lyophilized immediately, then dissolved in 1 mL chloroform, vortexed for 10 min, and centrifuged at 5000×g for 5 min. The upper layer was collected and chloroform was removed by lyophilization. The resulting extracted PEG mixture was renewably dissolved in 1 mL phosphate-buffered saline (PBS) and analyzed by a fluorescence spectrophotometer (λ ex =492 nm, λ em =519 nm).
This result was then converted into the TNF-α concentration (validation data of assay not shown).
Purification of lysosomes
Sprague-Dawley rats (200-300 g) were sacrificed to harvest and purify their liver lysosomes. Lysosomes were collected from liver homogenate by centrifugation using the metrizamide discontinuous gradient method with a slight modification [29] . Briefly, non-fasted rats were anesthetized with ether and blooded. The liver was removed and homogenized using a Polytron mixer (Kinematica, Switzerland). The homogenate (4 mL of chilled 0.25 mol L −1 sucrose/g of liver)
was centrifuged in succession at 4800×g for 5 min, and 17000×g for 10 min. The sediment of the second centrifugation was washed at 17000×g for 10 min, resuspended in 57% metrizamide, and 10 mL thereof was placed on the bottom of an Ultraclear tube (Beckman, CA Using this procedure, the degree of purification of lysosomes relative to the original homogenate (as measured by acid phosphatase activity) was 20-30-fold and the yield 3%-5%. The protein concentrations in lysosomal pellets were determined by the BCA assay (Pierce, Rockford, IL). Acid phosphatase activity was determined using β-glycerophosphate or ρ-nitrowith phenyl phosphate as the substrate. The activities of cathepsin B and lysosomes were determined by using Z-Arg-Arg-AMC as the substrate.
In vitro evaluation of drug release
All release studies were carried out at 37°C. The concentrations of conjugates labeled with FITC in the incubation mixture were approximately 20 μg mL −1 , corresponding to around 17 μg mL -1 of TNF-α. Four in vitro testing protocols were performed. First, the hydrolysis stability of TNF-α conjugates to the liver lysosomes or homogenates was assessed. TNF-α conjugates were incubated in 50 mmol L mmol L −1 reduced glutathione were added. Third, the effect of several enzyme inhibitors was evaluated. They include aprotinin, bestatin, pepstatin, phosphoramidon, E-64, Z-Phe-Phe-CHN 2 , and CA-074. Conjugate-lysosome mixtures were as described above, but contained a final inhibitor concentration of 10 μmol L −1 . Aliquots of 100 μL were sampled periodically, and all samples were treated with the same methods described above (in section "Stability of TNF-α conjugates in plasma").
In vitro cytotoxicity
Cells (2×10 4 cells well −1 in 100 μL medium) were placed into wells of a 96-well microtiter plate. After 24 h incuba-tion, TNF-α, PEG-TNF-α, PEG-vcTNF-α, cathepsin B (final concentration, 10 units mL −1 ), CA-074 (final concentration, 10 μmol L −1 ) or PBS was added to the wells according to experiment design. The volume was adjusted by culture medium to 200 μL, and the incubation was carried out. Cell viability assessment was performed by using Cell Counting Kits (CCK-8), following the manufacturer's instructions. Cytotoxicity (C%) was calculated from the equation C=(A−B)/A×100%, where A is the absorption in a control well and B is the absorption in the test well. L929 cells were placed in wells (1×10 6 cells well −1 ) and incubated for 24 h prior to adding TNF-α (10 IU mL −1 ), PEG-TNF-α or PEG-vcTNF-α. In the latter two conditions (PEG-TNF-α or PEG-vcTNF-α), 10 IU mL −1 TNF-α was also included.
Cells were incubated for a further 12 h. The culture medium was discarded and replaced with 100 μL of cold binding buffer. Cell staining was performed using Annexin V-FITC according to the instructions of the manufacturer. Samples were analyzed using a FACS Canto (BD, USA) flow cytometer.
In vivo study on antitumor effects
All of the animal experiments adhered to the principles of care and use of laboratory animals and were approved by the Institutional Animal Care and Use Committee of Peking University. The antitumor effects of TNF-α were assessed in mice bearing Meth-A fibrosarcoma. The Meth-A cells were implanted intradermally (2×10 5 cells per site) in 5-week-old female BALB/c mice. Seven days later (when tumor diameter was ~7-8 mm), native TNF-α, PEG-TNF-α, and PEG-vcTNF-α were administered by a single intravenous injection. The antitumor potency was estimated from the tumor volume and tumor hemorrhagic necrosis 24 h after the injection. Antitumor effects of TNF-α in vivo were screened by determining mean tumor volume (V) as calculated using the formula: V=(length×(width) 2 )/2.
Pharmacokinetics studies in mice
Native TNF-α, PEG-TNF-α, and PEG-vcTNF-α were radiolabeled with 125 I by the lactoperoxidase method, yielding 125 I-TNF-α, 125 I-PEG-TNF-α, and 125 I-PEG-vcTNF-α with specific activities of 4.50 mCi mg −1 protein. The biological activities of 125 I-radiolabeled TNF-α and its derivatives were indistinguishable from those of non-radiolabeled TNF-α and its derivatives (data not shown). Their pharmacokinetic profiles in blood circulation after i.v. injection into normal male BALB/c mice (5 weeks of age) were studied at a dose of 31.6 ng of protein per mouse. Blood was collected from the tail vein at various time points, and radioactivity was measured in each sample.
Statistical analysis
All data are shown as mean±SD, unless specified otherwise. Statistical evaluation was performed with Student's unpaired t-test and one-way analysis of variance.
Results
Preparation of conjugates
Recombinant human TNF-α was conjugated with activated PEG (average molecular weight (MW) 40000; MW/average MW, 1.05) via amide bonds between amino groups of TNF-α and N-hydroxysuccinimide groups of PEG at the end of the main chain. The rate of PEG attachment to TNF-α increased with increasing reaction time (data not shown). The resulting PEGylated TNF-α conjugates were purified from native TNF-α and separated into three fractions of various molecular sizes by gel filtration-high performance liquid chromatography (protein standard). Table 1 shows the average MW, degree of PEG modification, and the activities of native TNF-α, PEG-TNF-α and PEGvcTNF-α. It was demonstrated that activity decreased with a) The molecular size was determined by gel filtration chromatography (protein standard). b) Degree of modification was calculated by fluorescamine methods. c) The specific activities of native TNF-α, PEG-TNF-α and PEG-vcTNF-α were measured by growth inhibition L-M cytotoxic assay. *, P<0.05; **, P<0.01 vs. native TNF-α. #<0.05 vs. PEG-vcTNF-α under the same degree of modification. increasing molecular weight and extensive PEG modification. The specific activity of PEG-vcTNF-α was noticeably higher than that of PEG-TNF-α with the same degree of PEG modification. Fraction 2 was used for further experiments because it combined a moderate degree of modification with relatively high specific activity.
Stability of TNF-α conjugates in plasma
To further evaluate the stability of the PEG-TNF-α or PEG-vcTNF-α, conjugates (containing 2 μg TNF-α) were incubated in human or mouse plasma at 37°C for a period of 120 h. Endogenous TNF-α was detected in freshly drawn mouse or human plasma but only in trace amounts (data no shown). The stability characteristics of PEG conjugates in human or mouse plasma at 37°C are shown in Figure 1 , and it can be seen that the two TNF-α conjugates were very stable in plasma. The half-life (t 1/2 ) of PEG-vcTNF-α in vitro is 129.63 h in human plasma and 48.73 h in mouse plasma, respectively, while that of PEG-TNF-α is 170.04 h in human plasma and 60.18 h in mouse plasma, respectively. Although the t 1/2 of PEG-TNF-α is longer than that of PEG-vcTNF-α, there is no significant difference between these two formulations. We also found that release of drugs from the two TNF-α conjugates was faster in human plasma than in mouse plasma. Plasma stability (at 37°C) of conjugated TNF-α constructs (PEG-TNF-α and PEG-vcTNF-α). PEG-TNF-α and PEG-vcTNF-α conjugates labeled with FITC and containing 17 μg of protein in each sample were incubated in 1 mL of freshly drawn mouse or human plasma pre-incubated at 37°C. Aliquots of 100 μL were sampled at various time points. PEG or PEG conjugates were extracted with chloroform. Fluorescence intensity was analyzed by a fluorescent spectrophotometer (n=4).
In vitro evaluation of drug release
Our focus was on the enzyme specificity of the linker cleavage. First, the excellent stability of TNF-α conjugates in human plasma as well as mouse plasma led us to the hypothesis that lysosomal enzymes are an effective means of TNF-α release. To test this hypothesis, we compared the kinetics of release when TNF-α conjugates were incubated with rat liver homogenates and with lysosomes, prepared using a well-established method for lysosome purification from rat liver. Results showed that the release rate of PEG-vcTNF-α in the liver homogenate was very slow, but was markedly accelerated in the presence of lysosomes, supporting our hypothesis. The 20% w/w homogenate, corresponding to approximately 40 mg mL −1 of protein, was virtually unable to release TNF-α, whereas the lysosomes at 1 mg mL −1 of protein liberated the drug significantly. Second, to elucidate the enzymes responsible, we measured TNF-α released after 24 h treatment of TNF-α conjugates with different types of pure enzymes. The results are shown in Table 2 , indicating that TNF-α conjugates were very resistant to various kinds of enzymes. However, it was found that cysteine protease was the only enzyme effective in cleaving PEG-vcTNF-α, although the release rate varied between papain and bovine spleen cathepsin B (which was also sensitive to pH). PEG-TNF-α was not cleaved at all by any of the enzyme classes (including cysteine protease). Third, to further explore the optimum pH conditions for drug release, PEG-vcTNF-α was incubated with rat liver lysosomes in buffers covering a pH range from neutral (pH 7) to acidic (pH 3) for 24 h. Figure 2 shows that the pH optimum was approximately 4, identical to that in the case of cathepsin B ( Table 2 ), suggesting that this may be the crucial enzyme in mediating drug release from PEG-vcTNF-α.
In vitro inhibition studies
To consolidate these results, we investigated the effect of protease inhibitors. Figure 3 compares the percentages of TNF-α released due to lysosomes in the presence of an inhibitor relative to the control. Inhibitors of amino protease (bestatin), asparatate protease (pepstatin), and metalloprotease (phosphoramidon) were all ineffective at 10 μmol L −1 .
A general inhibitor for cysteine protease (E-64) abolished the release completely, although serine protease inhibitor (aprotinin) also arrested the release to some extent, probably because of its high concentration. This confirms that cysteine proteases are largely responsible for the cleavage of the valine-citrulline linker. Cathepsin B and L are lysosomal cysteine proteases, which play a variety of digestive and processing roles to maintain the normal cellular metabolism [29] . To determine their contributions to the cleavage, similar studies were performed using a specific inhibitor for cathepsin B, CA-074 [30] , and for cathepsin L, Z-Phe-Phe- CHN 2 [31] . As shown in Figure 3 , both CA-074 and Z-PhePhe-CHN 2 were able to dramatically suppress TNF-α release even at 10 μmol L −1 . This suggests that lysosomal cathepsin B and cathepsin L are responsible for the linker cleavage.
In vitro cytotoxicity
As shown in Figure 4 , cytotoxicity was reduced in the PEGylated TNF-α constructs, although PEG-vcTNF-α had slightly more toxicity than PEG-TNF-α. The IC 50 values for cytotoxicity of and PEG-TNF-α were (5246±85) and (22310±295) IU mL −1 , respectively, and both were considerably less cytotoxic than native TNF-α (IC 50 : (122.45±3.84) IU mL −1 ) ( Figure 4A ). After pulsed (2 h) and long-term (24 h) drug exposure, it was shown that cytotoxic effect of PEGvcTNF-α increased with the length of exposure time, and the growth inhibition rate of long-term PEG-vcTNF-α exposure was higher than that of pulsed term PEG-vcTNF-α exposure, and almost as high (at high concentrations) as that induced by 2 h treatment with TNF-α ( Figure 4B ). Cytotoxic effects of PEG-vcTNF-α decreased with CA-074 (10 μmol L −1 ) and increased with cathepsin B (10 units mL
), compared with the same dose of PEG-vcTNF-α alone. Furthermore, the cytotoxic effects of PEG-vcTNF-α with 10 ) on PEG-vcTNF-α cytotoxicity after a 48 h incubation were also examined (C). Cytotoxicity (%) was calculated relative to control culture incubated without TNF-α, PEG-TNF-α or PEG-vcTNF-α. n=4.
units mL −1 cathepsin B were almost identical to that induced by the same dose of native TNF-α ( Figure 4C ), suggesting that under these conditions, the entirety of the conjugated drug is being released to act in the same way as native TNF-α. To characterize the killing mechanism of L929 cells induced by TNF-α, PEG-TNF-α and PEG-vcTNF-α, we compared the content of viable, necrotic and apoptotic cells in cell cultures treated for 12 h with these formulations. As seen in Figure 5A , approximately 83% of L929 cells in control cultures were viable (bottom left quadrant). Incubation with TNF-α resulted in a large increase in apoptotic cell number ( Figure 5B ), which was less apparent after incubation with PEG-TNF-α ( Figure 5C ) and PEG-vcTNF-α ( Figure 5D ). The number of apoptotic cells decreased when cells were cultured with PEG-vcTNF-α in the presence of CA-074 ( Figure 5E ), and increased following combined treatment with PEG-vcTNF-α and cathepsin B ( Figure 5F ). Neither cathepsin B nor CA-074 alone resulted in cell necrosis or apoptosis (data not shown).
In vivo study of antitumor effects
We compared the antitumor potency of PEG-vcTNF-α to those of native TNF-α and PEG-TNF-α with scheduled i.v. injections on Meth-A solid tumors. Control mice (saline or PEG alone) showed no antitumor effect (data not shown), whereas native TNF-α showed suppression of tumor growth ( Figure 6 ). However, three of eight mice administered native TNF-α at a dose of 10000 IU died within 24 h, and the remaining mice developed piloerection, tissue inflammation and a loss in body weight (data not shown). Whereas the minimal dose of native TNF-α (200 IU) was not effective for tumor growth inhibition. PEG-vcTNF-α and PEG-TNF-α had markedly increased antitumor potencies compared with native TNF-α. As shown in Figure 6 , PEG-TNF-α at a dose of 2000 IU showed the maximal antitumor effects without any toxic side effects and had antitumor effects superior to that of native TNF-α at a dose of 10000 IU. On the other hand, only 200 IU of PEG-vcTNF-α was needed to exhibit a marked antitumor potency, and tumor growth was completely inhibited during the observation period. This reversal of tumor growth was only seen at 2000 IU of PEG-TNF-α and at 10000 IU of native TNF-α, indicating that PEG-vcTNF-α was a more potent antitumor agent by approximately 10-and 50-fold, respectively, compared to unlinked PEG-TNF-α and native TNF-α.
Pharmacokinetics studies in mice
The plasma concentrations of TNF-α after i.v. administration of native TNF-α, PEG-TNF-α or PEG-vcTNF-α are shown in Figure 7 . Native TNF-α was rapidly eliminated from the circulation, and its plasma half-life was only 0.31 h (Table 3 ) which corresponds to that reported previously [32] . In contrast, the plasma clearance of both PEG-TNF-α and PEG-vcTNF-α was markedly decreased relative to that of native TNF-α and their plasma half-lives were 27.23 and 21.22 h, respectively, approximately 85-and 65-fold longer than that of native TNF-α.
Discussion
The peptide-linked PEGylated protein reported here is distinguished from the general PEGylated proteins described elsewhere in three important aspects: stability in plasma, sensitivity to cathepsin B, and specific activity. Generally, PEGylation of a protein drug enhances its plasma half-life and in vivo stability because of its increased molecular size and steric hindrance, but these improvements are accompanied by a significant loss of their specific activity. In this paper, we describe the use of a cathepsin B-cleavable dipeptide linker in novel PEGylated conjugates to overcome the contradiction between long plasma half-life but low therapeutic efficacy for PEGylated proteins and short half-life/poor tissue selectivity for native TNF-α. PEG polymer is nontoxic and is approved by the FDA for use in drugs, so is used widely to modify therapeutic proteins. Literally thousands of research articles have described almost every aspect of attachment of PEG to a therapeutic protein. In this work, an N-hydroxysuccinimide derivative of the activated polymer (PEG-NHS or PEG-vc-NHS) was used to attach PEG to TNF-α. The preparation process of conjugates was according to previously described methods. For PEG-vcTNF-α, two amino acids were added to the N terminal of TNF-α prior to attachment to PEG through the N-hydroxysuccinimide activated ester. We showed that PEG modification had negative effects on the bioactivity of TNF-α, which caused reduction in specific activity to between 6.23% to 74.19% depending on the degree of modification. For general PEGylation, the remaining bioactivity of TNF-α decreased as modification degree increased, because of the loss of binding site(s) and/or steric hindrance. This finding suggested that PEG chains sterically hindered the TNF-receptor binding site for PEG-TNF-α, consistent with many literature reports. However, when a valine-citrulline moiety was added between PEG and TNF-α, we found, unexpectedly, that the loss of bioactivity was much less than without the valine-citrulline linker, indicating that this moiety plays an important role in protecting TNF-α bioactivity. We hypothesized that TNF-α could be liberated from their conjugates by incubation with proteases. However, released TNF-α will theoretically be degraded by components of the plasma or by the proteases used in these experiments. This prediction is supported by the absence TNF-α in our test conditions (data not shown). Evaluation of PEG conjugate stability in samples taken from plasma or other solutions presents a challenge for drug quantitation, because TNF-α is easily degraded by unspecific proteases in plasma or by lysosomal proteases such as cathepsin B. When TNF-α is released from PEG conjugates into plasma, it is cleared very quickly, so the free drug was undetectable (data not shown). Accordingly, it is very difficult to directly quantify released TNF-α in the presence of plasma or proteases. In this study, PEG is used as an amphichroic molecule, such that when PEG attaches to a protein, that protein becomes similarly amphichroic. Making use of the amphichroic features of PEG or PEG conjugates, TNF-α conjugates labeled with FITC or PEG in plasma samples were extracted with chloroform [26] . Fluorescence intensity was then analyzed with a fluorescence spectrophotometer. TNF-α concentration (including conjugates) can be validated by to this process, which was highly reproducible (data not shown).
As shown in Figure 1 , significant drug loss occurs in plasma, possibly because of the presence of unspecific proteases in mouse and human plasma [33] . However, the stability of TNF-α in both PEG conjugates in plasma was similar, indicating that the degradation mostly results from the direct effect of these proteases on the TNF-α rather than on the cathepsin B-sensitive peptide linker (valine-citrulline). The cathepsin B-sensitive peptide linker therefore seems resistant to protease actions while in the circulation. It was found that the half-life of drug loss for PEG-vcTNF-α is more than five days when incubated in human plasma, confirming that the dipeptide linkers used in PEG-vcTNF-α offer a significant stability advantage in human plasma, which is crucial for the in vivo efficacy of the conjugate. Drug loss from both conjugates was faster when incubated in human plasma, suggesting that more protease activity is present in human plasma than in mouse plasma. This finding was consistent with the report that human plasma has much higher levels of protease activity than mouse plasma [33] .
Knowledge of enzyme specificity permits the design of drug-polymer conjugates that can be activated specifically at the tumor site. Cathepsin B is an attractive target for the release of drugs, because increases in the levels of mRNA, protein, enzyme activity, membrane association, and secretion of cathepsin B have all been observed in tumors. Therefore, cathepsin B-specific drug release observed in the case of PEGylated protein is thought to be advantageous from the viewpoint of presenting the cytotoxic agent selectively at the tumor site. We showed that PEG-vcTNF-α was cleaved by cysteine proteases, but not other proteases, to release TNF-α, and this release is dependent upon pH. Our finding that the valine-citrulline linker peptide is specifically targeted by cysteine proteases to release the peptide drug from the PEGylated conjugate is in agreement with previous reports [20] [21] [22] [23] [24] .
Here the question arises of whether cathepsin B liberates TNF-α within the lysosomes or outside the cell. The answer is to be found in our observations that the release of TNF-α relies on pH, with the optimum condition being pH 4. With regard to pH, tumors were thought for many years to have a more acidic pH than most normal tissues. The major difference lies in the extracellular pH. In normal tissue extracellular pH is at about 7.4, whereas in many tumors it is about 0.3-0.5 pH units more acidic in comparison to intracellular pH (pH 7.1-7.2) [34] . This extracellular acidification in tumors is insufficient for the release of TNF-α, indicating that drug release occurs in the lysosomes.
To further prove that it is cathepsin B that acts on the peptide linker, the effect of several enzyme inhibitors was evaluated, including aprotinin, bestatin, pepstatin, phosphoramidon, E-64, Z-Phe-Phe-CHN 2 , and CA-074. In Figure 3 , E-64, CA-074 and Z-Phe-Phe-CHN 2 were all able to dramatically suppress the release. E-64 is a non-specific inhibitor of cysteine proteases, while CA-074 and Z-PhePhe-CHN 2 are specific inhibitors of cathepsin B and cathepsin L, respectively. This suggests that lysosomal cathepsins B and L are responsible for the cleavage and further support our earlier results.
The L929 cell was used in these tests because this cell line is particularly sensitive to TNF-α. It was proven again at the cellular level that PEGylation of proteins is accompanied by a significant loss of their activities. However, we show in Figures 4 and 5 that PEG-vcTNF-α induced higher cytotoxicity and more apoptosis in these cells than PEG-TNF-α, through the mechanism of cathepsin-specific release of TNF-α, as demonstrated by the enhancement and inhibition of this response by cathepsin B and the cathepsin B inhibitor, CA-074, respectively. Thus, the dipeptide linkers used appear to play an important role on the improvement of in vivo antitumor efficacy of PEG-vcTNF-α. Cytotoxicity of PEG-vcTNF-α was observed to be both doseand time-dependent. Although very low, PEG-TNF-α showed some cytotoxicity, possibly because of incomplete modification by PEG.
The antitumor effect of PEG-vcTNF-α compared with PEG-TNF-α and native TNF-α was improved greatly, which might reflect their improved plasma stability, circulation time, tumor selectivity etc. The poor antitumor effect of native TNF-α indicates its fast elimination from the plasma, while the improved efficacy of PEG-vcTNF-α suggests that more drug is released in the tumor tissues. In comparison with native TNF-α, the antitumor effect of PEG conjugates increased significantly, about 50-fold for PEG-vcTNF-α and 5-fold for PEG-TNF-α, respectively. As shown in Figure 6 , PEG has no toxicity when administered intravenously at this dose and has not shown antitumor effects in tumor-bearing mice. Thus, it is the PEGylation of TNF-α, not the PEG itself, which contributes to the improvements in pharmacodynamics. The shielding of proteolytic cleavage sites of TNF-α by the PEG chain and reduction of the renal clearance due to increased molecular size lead to the increase in circulation time and plasma stability for both PEG-TNF-α and PEG-vcTNF-α, as demonstrated in the our pharmacokinetic and in vitro stability studies. Additionally, it is well known that macromolecules are accumulated and retained in the tumor tissue much more than in normal tissues, a phenomenon termed the "enhanced permeability and retention (EPR)" effect [35, 36] . Many macromolecular anticancer agents, such as synthetic polymer-conjugating drugs, polymeric micelle-containing drugs and others, have been reported accordingly [32, 37] . The increased tumor growth inhibition seen here with the TNF-α conjugates might also result from the EPR effect of PEGylation.
However, with the same degree of PEG modification, PEG-vcTNF-α was approximately 10-fold more potent than PEG-TNF-α, suggesting that the linkage with the cathepsin B-sensitive valine-citrulline dipeptide as a cleavable moiety further promotes the anticancer activity of the PEGylated TNF-α against murine fibrosarcoma. Although the inserted dipeptide is important for the selective release of drugs from the conjugate in tumor tissue, it is necessary to recognize the contribution of PEGylation per se in conferring increases in circulation time, plasma stability, and the EPR effect. Thus, it is crucial to combine both PEG and a protease-sensitive linker to achieve better anticancer activity. We have demonstrated here the in vivo mechanism of action of PEG-vcTNF-α after administration by i.v. injection. PEGvcTNF-α has a longer circulation time than TNF-α, and accumulates and is retained in the tumor tissue because of the EPR effect. Once sequestered in this way, PEG-vcTNF-α is cleaved and TNF-α is released from the dipeptide PEG conjugates through enzyme hydrolysis in the tumor tissue, where cathepsin B was expressed extracellularly. This leads to high local concentrations of TNF-α in the tumor tissue, which greatly enhances it anticancer efficacy. We believe that this technology is a major advance in the delivery of protein anti-cancer agents to their intended site of action, and will hopefully lead to improved therapies in the fight against cancer.
